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Abstract
During the maturation of Xenopus oocytes, a transient microtubule array (TMA) is nucleated from a novel MTOC near the base of the
germinal vesicle. The MTOC-TMA transports the meiotic chromosomes to the animal cortex, where it serves as the precursor to the first
meiotic spindle. To understand more fully the assembly of the MTOC-TMA, we used confocal immunofluorescence microscopy to examine
the localization and function of XMAP215, XKCM1, NuMA, and cytoplasmic dynein during oocyte maturation. XMAP215, XKCM1, and
NuMA were all localized to the base of the MTOC-TMA and the meiotic spindle. Microinjection of anti-XMAP215 inhibited microtubule
(MT) assembly during oocyte maturation, disrupting assembly of the MTOC-TMA and subsequent assembly of the first meiotic spindle.
In contrast, microinjection of anti-XKCM1 promoted MT assembly throughout the cytoplasm, disrupting organization of the MTOC-TMA
and meiotic spindle. Finally, microinjection of anti-dynein or anti-NuMA disrupted the organization of the MTOC-TMA and subsequent
assembly of the meiotic spindles. These results suggest that XMAP215 and XKCM1 act antagonistically to regulate MT assembly and
organization during maturation of Xenopus oocytes, and that dynein and NuMA are required for organization of the MTOC-TMA.
© 2003 Elsevier Inc. All rights reserved.
Introduction
Assembly of the meiotic spindles during the maturation
of large oocytes, such as those of the African clawed frog
(Xenopus laevis), poses unique problems not faced by
smaller eukaryotic cells undergoing mitotic division. For
example, the chromosomes of a prophase-arrested stage VI
oocyte are dispersed within the germinal vesicle (GV, the
oocyte nucleus), which is as much as 400 m in diameter.
The condensing chromosomes must be collected, and in the
case of amphibian oocytes, transported as much as 400 m
to the oocyte cortex (Gard, 1992). Moreover, the maternal
centrosome of Xenopus oocytes is functionally inactivated
during the early diplotene stage of oogenesis (Gard et al.,
1995a). Thus, unlike mitotic spindle assembly, assembly of
meiotic spindles in maturing oocytes occurs in the absence
of active centrosomes.
Breakdown of the GV during progesterone-induced mat-
uration of stage VI Xenopus oocytes is accompanied by the
assembly of a novel MT-organizing center and transient MT
array (MTOC-TMA; Gard, 1992; Gard et al., 1995c; Hu-
chon et al., 1981; Jessus et al., 1986). Initially, the MTOC-
TMA complex forms near the basal (vegetal) surface of the
GV, and MTs nucleated from the MTOC extend apically
into the overlying nucleoplasm (Gard, 1992). The MTOC-
TMA then migrates or is translocated some 400 m to the
animal cortex, where it serves as the immediate precursor of
the first meiotic spindle.
Assembly of the first meiotic spindle follows a pathway
with four characteristic stages (Gard, 1992): (1) compaction
of the MTOC-TMA to form a compact aggregate of MTs
and chromosomes; (2) establishment of a bipolar spindle
axis; (3) prometaphase elongation of the spindle axis ori-
ented transverse to the animal–vegetal axis; and (4) rotation
into alignment with the animal–vegetal axis. After comple-
tion of the first meiotic cycle and extrusion of the first polar
body, assembly of the second meiotic spindle follows a
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similar pathway, and the oocyte arrests in second meiotic
metaphase. Spindle assembly is accompanied by a global
reorganization of the maturing oocyte’s MT cytoskeleton,
including replacement of the complex cytoplasmic array of
acetylated (presumably stable) MTs observed in prophase-
arrested stage VI oocytes by a poorly acetylated (and pre-
sumed dynamic) array of cytoplasmic MTs surrounding the
MTOC-TMA and meiotic spindles (Cha et al., 1998; Gard
et al., 1995c).
Little is known of the composition and structure of the
MTOC-TMA complex, or the mechanism by which it is
directed and transported to the animal cortex. In previous
studies, we have reported that XMAP230 and F-actin are
associated with the MTOC-TMA and are required for its
assembly and/or organization (Cha et al., 1998; Gard et al.,
1995b). Numerous, short keratin filaments are also associ-
ated with the MTOC-TMA; however, disruption of keratin
filament organization by microinjection of specific antibod-
ies had no observable effect on oocyte maturation (Gard and
Klymkowsky, 1998). Based on its function, it seems likely
that previously identified centrosomal components, includ-
ing -tubulin, NuMA, XMAP215, and the MT motor pro-
teins kinesins and dyneins, may be required for the assem-
bly and/or function of this novel MTOC (Gard, 1994; Gard
and Kirschner, 1987; Merdes et al., 1996, 2000; Sharp et al.,
2000; Stearns et al., 1991; Wadsworth, 1993; Walczak et al.,
1997, 1998; Wittmann et al., 2001).
XMAP215 is a high molecular weight MT-associated
protein that promotes MT dynamics in vitro (Gard and
Kirschner, 1987; Popov et al., 2001; Tournebize et al., 2000;
Vasquez et al., 1994) and is required for MT assembly in
Xenopus egg extracts (Popov et al., 2001; Tournebize et al.,
2000; Wilde and Zheng, 1999). XMAP215 is associated
with centrosomes and spindles in Xenopus blastomeres and
cultured cells (Gard et al., 1995c; Tournebize et al., 2000),
and is required for proper spindle assembly in egg extracts
(Popov et al., 2001; Tournebize et al., 2000). XMAP215 is
most abundant in Xenopus oocytes and eggs (Becker and
Gard, 2000; Gard and Kirschner, 1987), suggesting that it is
likely to play a role during oocyte maturation.
XKCM1, a member of the Kin I family of kinesins
(Desai et al., 1999; Walczak et al., 1996), promotes MT
disassembly by increasing the frequency of catastrophe in
vitro and in vivo (Kline-Smith and Walczak, 2002; Nieder-
strasser et al., 2002; Walczak et al., 1996). A previous study
localized XKCM1 to centrosomes, spindle MTs, and cen-
tromeres in mitotic Xenopus egg extracts and cultured cells,
suggesting that it plays a role in spindle assembly or func-
tion (Walczak et al., 1996). Supporting this proposed role,
depletion of XKCM1 from mitotic Xenopus egg extracts
disrupted spindle assembly (Walczak et al., 1996). More-
over, microinjection of XKCM1 antibodies into cultured
cells increased the density of MTs during interphase and
disrupted spindle assembly during mitosis (Kline-Smith and
Walczak, 2002). Overexpression of XKCM1 in cultured
cells resulted in an increase in MT dynamics during inter-
phase and spindle assembly was perturbed during mitosis,
resulting in monoastral and monopolar spindles (Kline-
Smith and Walczak, 2002). Recent work suggests that
XMAP215 and XKCM1 act antagonistically to regulate MT
assembly and spindle organization in egg extracts (Tour-
nebize et al., 2000).
Cytoplasmic dynein is a minus-end-directed motor that
plays many roles, including vesicle and organelle transport
(Goodson et al., 1997; Hirokawa et al., 1998; Karki and
Holzbaur, 1999; Langford, 1995; Lippincott-Schwartz,
1998). Dynein is localized to spindle poles and kinetochores
during mitosis (Desai et al., 1997; Pfarr et al., 1990; Steuer
et al., 1990), where it functions in conjunction with the
dynactin complex to localize centrosomal components, in-
cluding NuMA, pericentrin, and -tubulin, to spindle poles
(Gaglio et al., 1997; Heald, 2000; Heald et al., 1997; Merdes
et al., 1996, 2000; Mountain and Compton, 2000; Sharp et
al., 2000; Wittmann et al., 2001; Young et al., 2000; Zim-
merman and Doxsey, 2000). Dynein has also been shown to
be involved in the attachment of kinetochores to spindle
MTs and the inactivation of the spindle checkpoint (Hoff-
man et al., 2001; Howell et al., 2001; King et al., 2000;
Wojcik et al., 2001). These observations suggest that dynein
may be important in the assembly and organization of the
MTOC-TMA and its ability to capture or interact with
chromosomes during oocyte maturation in Xenopus.
NuMA (Nuclear protein that associates with the Mitotic
Apparatus) is an abundant 235-kDa protein that is localized
to the nucleus during interphase and accumulates at the
spindle poles during mitosis (reviewed in Zeng, 2000).
NuMA is associated with dynein/dynactin and spindle poles
in extracts and cultured cells (Merdes et al., 1996, 2000);
however, dynein is not required for the localization of
NuMA to the minus end of MTs (Heald et al., 1997).
Fig. 1. Three XMAP215 peptide antisera recognize a common 250-kDa
protein in Xenopus egg extracts. Total soluble protein (30 g) from a
Xenopus egg extract was separated by SDS-PAGE and blotted with TSDY,
SNTS, or DDLK anti-XMAP215 antisera. All three peptide antibodies
recognized a common 250-kDa protein that comigrated with purified
XMAP215 which was not detected by nonimmune rabbit IgG (RIgG). The
antibodies also detected several smaller proteins (asterisks), which are
likely proteolytic degradation fragments of XMAP215. Sizes of molecular
weight markers are shown to the left of the blot.
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Disruption of NuMA function by antibody injection or
immunodepletion in extracts demonstrated that NuMA
is required for the assembly and maintenance of spindle
poles (Gaglio et al., 1995; Gordon et al., 2001; Kallajoki et
al., 1991; Merdes et al., 1996, 2000; Yang and Snyder,
1992).
For this report, we have used affinity-purified antibodies
against XMAP215, XKCM1, cytoplasmic dynein, and
NuMA to examine the localization and function of these
proteins during oocyte maturation in Xenopus. XMAP215,
XKCM1, and NuMA were observed at the base of the
MTOC-TMA and at the poles of the meiotic spindle. Injec-
Fig. 2. XMAP215 antibodies stained the MTOC-TMA and meiotic spindles during oocyte maturation. Maturing oocytes were fixed and stained with
anti--tubulin (A, D, and G), a cocktail of three XMAP215 peptide antibodies (B, C, E, and H), and TO-PRO-3 to visualize chromosomes (F, I). (A) At WSF,
MTs were observed extending from an MTOC near the vegetal surface of the GV into the nucleoplasm. (B) XMAP215 antibodies stained the base of the
MTOC-TMA, and faintly stained MTs extending into the nucleoplasm (a projection of 15 optical sections). (C) XMAP215 antibodies stained the base of a
late MTOC-TMA as it approached the animal cortex (0–15 min after WSF, a single optical section). (D–F) XMAP215 co-localized with MTs of the
compacted meiotic spindle 15–30 min after WSF (a projection of 16 optical sections). (G–I) XMAP215 colocalized with MTs throughout the first meiotic
spindle (30–45 min after WSF, a projection of 13 optical sections). Scale bars are 50 m (A and B) and 10 m (C–I).
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tion of specific antibodies against XMAP215, XKCM1,
NuMA, or cytoplasmic dynein disrupted the assembly and
organization of the MTOC-TMA, meiotic spindles, and
cytoplasmic MTs during oocyte maturation. These results
demonstrate that assembly of the MTOC-TMA requires
four previously identified centrosome components, and that
the regulation of MT assembly and organization during
oocyte maturation requires a balance between both positive
and negative regulators.
Materials and methods
Female X. laevis (proven breeders) were purchased from
Xenopus I, Inc. (Dexter, MI). Stage VI oocytes were ob-
tained, cultured, and matured as previously described (Gard,
1991, 1992). All chemicals were purchased from Sigma
Chemical Corporation (St. Louis, MO) unless otherwise
indicated.
Generation of XMAP215 antisera
Peptides with sequences corresponding to amino acids
1115–1130 (TSDY), 1150–1167 (SNTS), and 2052–2066
(DDLK) of XMAP215M (Becker and Gard, 2000) were
synthesized with N-terminal cysteine residues (at the Uni-
versity of Utah Peptide Facility), coupled to keyhole limpet
hemocyanin using MBS and/or glutaraldehyde, and injected
into rabbits for the production of polyclonal antisera (Co-
vance Inc., Richmond, CA). Each antiserum was affinity-
purified against the corresponding peptide coupled to Affi-
gel 10 (Bio-Rad Laboratories, Hercules, CA) as described
by Field et al. (1998). Affinity-purified antibodies were
dialyzed into Tris-buffered saline (TBS) and concentrated to
5 mg/ml in Centriplus-50 and/or Microcon-20 microconcen-
trators (Amicon Inc., Beverly, MA) for use in immunoflu-
orescence microscopy and microinjection.
The specificity of the peptide antibodies was tested by
immunoblot of soluble egg extracts. Briefly, 30 g of sol-
uble egg extract was separated on a 7% SDS-PAGE and
transferred to Hybond P membrane (Amersham Biosciences
Corp.). The blot was probed with TSDY (1/5000), SNTS
(1/30,000), and DDLK (1/30,000) diluted in TBS with 0.1%
Tween 20, and antibodies were detected with HRP conju-
gated anti-rabbit IgG (diluted 1/5000 in TBS with 0.1%
Tween 20) and developed using the ECL Western blot kit
(Amersham Biosciences Corp., Piscataway, NJ) according
to manufacturer’s instructions. All three peptide antibodies
against XMAP215 detected a 250-kDa protein that comi-
grated with purified XMAP215 (Fig. 1; data not shown).
Several proteins of lower molecular weight were also de-
tected by the antibodies and likely represent proteolytic
degradation products of XMAP215.
Other antibodies
Anti-XKCM1 (amino acids 2-264) used for immunoflu-
orescence microscopy and microinjection was graciously
provided by Dr. Claire Walczak (Walczak et al., 1996).
Nonimmune rabbit IgG was obtained from ICN Pharmaceu-
ticals Inc. (Costa Mesa, CA). Nonimmune sheep IgG was
obtained from Jackson ImmunoResearch Laboratories, Inc.
(West Grove, PA).
Monoclonal IgM specific for the intermediate chain of
cytoplasmic dynein (anti-DIC; clone 70.1) was obtained
from Sigma Chemical Corp. A monoclonal IgM specific for
-galactosidase (-gal, clone GAL-40; Sigma Chemical
Corp.) served as a control for anti-DIC injections. In addi-
tion to 70.1, four other anti-dynein antisera were used in
unsuccessful attempts to localize cytoplasmic dynein by
confocal immunofluorescence microscopy: monoclonal
clone 440.4 (Sigma Chemical Corp.), monoclonal
MAB1618 (Chemicon International Inc., Temecula, CA),
monoclonal AA3 (kindly provided by Dr. Sigrid Reinsch),
and a cocktail of six polyclonal antisera raised against
Tetrahymena dyneins (kindly provided by Dr. David Asai).
A sheep anti-NuMA antibody to the head domain of NuMA
and a rabbit anti-NuMA antibody to the tail domain were
kindly provided by Dr. Andreas Merdes (Merdes et al.,
1996).
Confocal immunofluorescent microscopy
The preparation of Xenopus oocytes for confocal im-
munofluorescence microscopy has been described previ-
ously (Gard, 1991, 1993a). Staining with anti-XMAP215,
anti-XKCM1, and anti-NuMA proved incompatible with
aldehyde fixation, and oocytes stained with these antisera
were fixed in 100% methanol. Although methanol fixation
does not optimally preserve MTs, we have successfully used
methanol-fixation to examine the assembly and organization
of the MTOC-TMA and meiotic spindles of maturing Xe-
nopus oocytes (Gard, 1992). For confocal immunofluores-
cence microscopy, affinity-purified anti-XMAP215 anti-
serum was used at 50 g/ml, anti-XKCM1 was used at
concentrations of 15 g/ml, and anti-NuMA antisera was
used at a 1/30 dilution. The antisera were detected with
Alexa488-conjugated anti-rabbit IgG (XMAP215 and
XKCM1) or Texas Red anti-rabbit (NuMA staining) (1/100;
Molecular Probes Inc., Eugene, OR). MTs were visualized
with either DM1A monoclonal anti--tubulin (1/100; Sigma
Chemical Corp.) and Texas Red anti-mouse IgG (Molecular
Probes Inc.) or YL1/2 monoclonal anti--tubulin (1/100;
Accurate Chemical & Scientific Corp., Westbury, NJ) and
Alexa546-conjugated anti-rat IgG (1/100; Molecular Probes
Inc.). Chromosomes were stained with 10 M YO-PRO-1
or 5 M TO-PRO-3 (Molecular Probes Inc.).
Antibody-injected oocytes were fixed in formaldehyde–
glutaraldehyde–taxol (FGT fix) and postfixed in methanol
as described previously (Gard, 1991, 1993a). MTs were
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visualized with DM1A or YL1/2 and the appropriate sec-
ondary antibody as described above. Injected anti-
XMAP215 antibodies were visualized with Alexa488-con-
jugated anti-rabbit IgG (Molecular Probes Inc.).
Microinjection of antibodies into stage VI oocytes
Antibodies were dialyzed at least 4 h in 50 mM potas-
sium glutamate (pH 7.5) and briefly centrifuged to remove
precipitated protein. Oocytes were briefly incubated in
MBSH containing 5% Ficoll to reduce internal turgor, and
were then injected with 50 nl of either anti-XMAP215 (a
cocktail of three peptide antibodies totaling 5 mg/ml), anti-
XKCM1 (1 mg/ml), 50-100 nl of a monoclonal anti-dynein
(clone 70.1, 0.6 mg/ml), or 50 nl of anti-NuMA (1 mg/ml)
in the animal hemisphere. Parallel groups of oocytes re-
ceived comparable amounts of injection buffer, nonimmune
rabbit IgG (5 mg/ml), or a monoclonal IgM specific for
-gal (0.4 mg/ml) as controls, or were uninjected. Based on
published estimates of the respective proteins concentra-
tions (Gard and Kirschner, 1987; Merdes et al., 1996; Wal-
czak et al., 1996), injection of these amounts of antibody
into oocytes resulted in a 20-fold excess of either anti-
XMAP215 or anti-NuMA, or a 7-fold excess of anti-
XKCM1. Injection of 2-fold lower concentration of anti-
XMAP215 and anti-XKCM1 gave similar results,
suggesting that the variability in effect was not solely a
function of limiting antibody concentration. Confocal mi-
croscopy of injected oocytes stained with the appropriate
fluorescently conjugated antibody suggested that the in-
jected antibody was evenly dispersed throughout the cyto-
plasm within 1 h (data not shown). However, oocytes were
cultured in MBSH for 2 h at RT (anti-dynein and anti--gal)
or overnight at 17°C (anti-XMAP215, anti-XKCM1, and
rabbit IgG) to ensure complete diffusion of antibodies. Oo-
cyte maturation was induced by treating oocytes with 10–20
g/ml progesterone. Oocytes were collected and fixed at
intervals after appearance of the maturation “white spot” at
the animal pole.
Results
To understand more fully the structure, assembly, and
function of the MTOC-TMA, we have used confocal im-
munofluorescence microscopy and antibody injections to
probe the localization and function of XMAP215, XKCM1,
NuMA, and cytoplasmic dynein during oocyte maturation.
XMAP215 and XKCM1 are associated with the MTOC-
TMA and meiotic spindles during oocyte maturation
Staining with anti-XMAP215, anti-XKCM1, and anti-
NuMA was incompatible with aldehyde fixation, and fixa-
tion in methanol alone does not preserve cytoplasmic MTs
in prophase-arrested oocytes (Gard, 1991, 1993a). Thus, we
were unable to localize these proteins to MTs in stage VI
oocytes. However, methanol fixation does preserve MTs of
the MTOC-TMA and meiotic spindles in maturing oocytes
(Gard, 1992, 1993b), allowing us to visualize XMAP215,
XKCM1, and NuMA associated with these MT arrays.
Confocal immunofluorescence microscopy revealed that
XMAP215, XKCM1, and NuMA were all associated with
the MTOC-TMA and meiotic spindles during oocyte mat-
uration. In optical sections of maturing oocytes fixed in
methanol at the time of white spot formation (WSF), anti-
XMAP215 was observed to stain the basal region of the
MTOC-TMA, corresponding to the discoidal MTOC (Fig.
2A and B). Anti-XMAP215 also weakly stained the apical
MTs of the MTOC-TMA complex, which extend into the
nucleoplasm (Fig. 2A and B). Anti-XMAP215 stained the
base of the MTOC-TMA in oocytes fixed later in matura-
tion, as it approached the animal cortex (0–15 min after
WSF; Fig. 2C), although staining of the apical MTs was not
commonly observed at this stage. Polar views of oocytes
fixed 15–30 min after WSF revealed that XMAP215 colo-
calized with tubulin as the MTOC-TMA compacted around
the condensed meiotic chromosomes to form the first mei-
otic spindle (Fig. 2D–F). As the first meiotic spindle elon-
gated (30–45 min after WSF), XMAP215 was distributed
throughout the spindle, with no obvious concentration at the
poles (Fig. 2G–I).
As was observed for XMAP215, anti-XKCM1 strongly
stained the MTOC and weakly stained MTs of the TMA in
oocytes fixed at WSF (Fig. 3A and B). Anti-XKCM1
stained the base of the MTOC-TMA in oocytes fixed later
during maturation (0–15 min after WSF), although staining
of the apical MTs were not observed at this time (Fig. 3C).
Polar views of oocytes fixed 15–30 min after WSF revealed
that XKCM1 colocalized with tubulin during compaction of
Fig. 3. XKCM1 and NuMA are localized to the MTOC-TMA and meiotic spindles during maturation. Maturing oocytes were fixed and stained with
anti--tubulin (A, D), anti-XKCM1 (B, C, E, G, I), anti-NuMA (J–L), and TO-PRO-3 to visualize chromosomes (F, H). (A) At WSF, MTs of the
MTOC-TMA were observed extending from the transient MTOC near the vegetal surface of the GV into the nucleoplasm. (B) Anti-XKCM1 stained the base
of the MTOC-TMA and faintly stained MTs of the TMA extending into the nucleoplasm (a projection of 11 optical sections). (C) XKCM1 antibodies stained
the base of a late MTOC-TMA as it approached the animal cortex (0–15 min after WSF, a single optical section). (D–F) XKCM1 colocalized with MTs of
the compacted meiotic spindle (15–30 min after WSF, a projection of 14 optical sections). XKCM1 antibodies also stained foci associated with condensed
meiotic chromosomes that may correspond to the centromeres (arrows). (G–I) XKCM1 is localized to centromeres and MTs of the first meiotic spindle at
30–45 min after WSF (arrows, projection of 17 optical sections). (J) Anti-NuMA stains the base of the MTOC-TMA at 0–20 min after WSF in this single
optical section. (K) NuMA is localized to the compacting meiotic spindle 15–30 min after WSF (a projection of 10 optical sections). (L) Antibodies against
NuMA stain the poles of the first meiotic spindle 30–45 min after WSF (a projection of 7 optical sections). Scale bars are 50 m (A, B, and J), 10 m (C–H,
K, and L), and 2 m (I).
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the MTOC-TMA (Fig. 3D–F). As the first meiotic spindle
elongated during prometaphase, XKCM1 was localized
throughout the spindle, including the spindle poles (30–45
min after WSF; Fig. 3G). Careful examination revealed foci
of XKCM1-staining associated with the condensed meiotic
chromosomes throughout the compaction and elongation
phases of spindle assembly, consistent with published re-
ports that XKCM1 is located at the kinetochore during
mitosis (Fig. 3H and I, arrows in Fig. 3E; Desai et al., 1997;
Walczak et al., 1996).
Optical sections of matured oocytes stained with anti-
NuMA revealed that NuMA was localized to the base of the
MTOC-TMA (0–20 min after WSF; Fig. 3J), similar to the
localization for both XMAP215 and XKCM1. However,
there was no noticeable staining of the MTs of the MTOC-
TMA (compare Figs. 2B and 3B with 3J). Anti-NuMA
stained the compacted aggregated of MTs and chromo-
somes at 15–30 min after WSF (Fig. 3K) and the poles of
the first meiotic spindle (30–45 min after WSF; Fig. 3L).
Microinjection of anti-XMAP215 antibodies prevented the
assembly of the MTOC-TMA and disrupts spindle
assembly
To further define the role of XMAP215 and XKCM1
during oocyte maturation, we microinjected affinity-purified
antibodies specific for these proteins into stage VI oocytes,
and subsequently treated the injected oocytes with proges-
terone to induce maturation in vitro. Maturing oocytes were
fixed at intervals after appearance of the white maturation
spot, and the distribution of injected antibodies and their
effects on MT organization were examined by confocal
immunofluorescence microscopy.
Microinjection of a cocktail of three affinity-purified
anti-XMAP215 peptide antibodies had no apparent effect on
the organization of MTs in stage VI oocytes (data not
shown). In contrast, microinjection of anti-XMAP215 anti-
bodies had a substantial effect on the assembly and organi-
zation of the MTOC-TMA and first meiotic spindle during
progesterone-induced maturation. More than half (55%) of
the oocytes injected with anti-XMAP215 and fixed 0–30
min after WSF lacked any evidence of a MTOC-TMA in
their animal hemisphere, despite the apparent breakdown of
the GV (Table 1). The remaining 45% of the anti-
XMAP215-injected oocytes displayed aberrations in the or-
ganization of the MTOC-TMA (Fig. 4A and D; Table 1). Of
these, roughly two-thirds (or 30% of the total) exhibited
numerous short, disordered MTs surrounding the GV (Fig.
4A). Upon closer examination, these MTs appeared to be
nucleated from aggregates of XMAP215 and the injected
antibody (Fig. 4B and C). The remainder (15% of the
total) exhibited an MTOC associated with the base of the
GV, within which were embedded numerous aggregates of
XMAP215 and injected antibody (Fig. 4D and E). Both the
number and length of MTs nucleated from these MTOCs
appeared substantially reduced relative to uninjected oo-
cytes or those receiving comparable amounts of nonimmune
rabbit IgG.
Consistent with their effect on assembly of the MTOC-
TMA during the early stages of maturation, microinjection
of anti-XMAP215 antibodies also had a dramatic effect on
subsequent assembly and organization of the first meiotic
spindle. Normal meiotic spindles (or normal intermediate
stages in spindle assembly; see Gard, 1992) were observed
in only 2% (6/300) of the oocytes injected with anti-
XMAP215 and fixed 0–105 min after WSF (Table 1). Most
Table 1
Disruption of the MTOC-TMA and spindle assembly by antibody injectione
Antibody MTOC-TMA (0–30 min after WSF) Meiotic spindles (0–105 min after WSF)
N (E)a Normal (n)b Atypical (n)c None (n)d S (E)e Normal (n)f Atypical (n)g None (n)h
Uninj. 149 (12) 77% (115) 0% (0) 23% (34) 512 (12) 92% (468) 1% (7) 7% (37)
IgG 126 (12) 71% (90) 4% (5) 25% (31) 427 (12) 90% (382) 2% (10) 8% (35)
XMAP215 60 (7) 0% (0) 45% (27) 55% (33) 300 (7) 2% (6) 53% (160) 45% (134)
XKCM1 56 (4) 0% (0) 100% (56) 0% (0) 123 (4) 0.8% (1) 89% (110) 10% (12)
NuMA 35 (3) 11% (4) 77% (27) 11% (4) 130 (3) 3% (4) 82% (107) 15% (19)
-gal (IgM)i 25 (2) 92% (23) 8% (2) NAi 35 (2) 100% (35) 0% (0) NAi
DIC (IgM)i 137 (4) 25% (34) 75% (103) NAi 129 (4) 20% (26) 80% (103) NAi
a N (E)  number of oocytes examined (N) for MTOC-TMA assembly 0–30 min after white spot formation, and the number of independent experiments
(E).
b Percent (n: number of oocytes) with normal appearing MTOC-TMA.
c Percent (n: number of oocytes) with an atypical MTOC-TMA (see text).
d Percent (n: number of oocytes) with no apparent MTOC-TMA. The large fraction of control (uninjected and rabbit IgG-injected) oocytes lacking
MTOC-TMAs results from difficulties inherent in the imaging and identification of MTOC-TMAs in the large volume of Xenopus oocytes.
e S(E)  number of oocytes examined (S) for spindle assembly 0–105 min after white spot formation, and the number of experiments (E).
f Percent (n: number of oocytes) with normal-appearing first meiotic spindles or spindle intermediates (see Gard, 1992 for a more complete description
of the assembly pathway of first meiotic spindles).
g Percent (n: number of oocytes) with an atypical spindle or other MT aggregates (see text).
h Percent (n: number of oocytes) without apparent spindles or other MT aggregates.
i Only those oocytes with identifiable MTOC-TMA or meiotic “spindle” (aggregates of MTs and chromosomes) are included in these experiments.
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Fig. 4. Microinjection of XMAP215 antibodies disrupted the assembly of the MTOC-TMA and meiotic spindles during maturation. Stage VI oocytes were
injected with a cocktail of three XMAP215 peptide antisera, matured with progesterone, fixed 0–15 min after WSF (A–E) or 45–60 min after WSF (F–I),
and stained with anti--tubulin to visualize MTs (A, B, D, F, G), anti-rabbit IgG to visualize the injected antibodies (C, E, H), and TO-PRO-3 to visualize
the condensed meiotic chromosomes (I). (A) An oocyte exhibiting numerous MTs and asters surrounding the region of the GV (a projection of 15 optical
sections). Closer examination (B and C) revealed that many of the asters were associated with or nucleated by aggregates of XMAP215 and the injected
antibody (arrowheads, a projection of 27 optical sections). (D) This oocyte exhibited an MTOC with reduced number of shorter MTs extending into the
nucleoplasm. (E) Anti-rabbit IgG revealed aggregates of injected antibody within the MTOC (arrows, a projection of 11 optical sections). (F) Oocytes injected
with nonimmune rabbit IgG antibodies exhibited normal meiotic spindles (a projection of 14 optical sections). (G) Numerous small asters were apparent in
the animal cytoplasm of this anti-XMAP215-injected oocyte. (H) Anti-rabbit IgG revealed that each aster was associated with or nucleated by an aggregate
of injected antibody (arrowheads). Smaller antibody aggregates did not organize MT asters (arrows). (I) TO-PRO-3 revealed condensed meiotic chromosomes
associated with each of the large MT asters (arrowheads, a projection of 15 optical sections). Scale bars are 100 m (A), 50 m (B–E), 10 m (F), and 20
m (G–I).
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oocytes (53%) microinjected with anti-XMAP215 and fixed
during later maturation contained numerous asters, consist-
ing of short MTs that appeared to radiate from aggregates of
XMAP215 and the injected antibody (Fig. 4G and H; Table
1). Serial optical sectioning revealed that asters were dis-
tributed throughout the subcortical cytoplasm, as deep as 65
m below the cell surface (data not shown). Staining with
TO-PRO-3 revealed one or more condensed meiotic chro-
mosomes associated with each aster (arrowheads in Fig. 4I).
The remaining anti-XMAP215-injected oocytes (45%)
lacked any identifiable MT aggregates in their animal cy-
toplasm (Table 1).
Microinjection of equivalent amounts of non-immune
rabbit IgG had little or no effect on the assembly and
organization of the MTOC-TMA or meiotic spindle when
compared to uninjected oocytes (Figs. 4F and 5A; Table 1;
data not shown).
Microinjection of anti-XKCM1 antibodies promotes MT
assembly and disrupts assembly of the MTOC-TMA
Microinjection of affinity-purified antibodies against the
kinesin-family member XKCM1 had no apparent effect on
the organization of MTs in stage VI Xenopus oocytes (data
not shown). However, microinjection of anti-XKCM1 had
profound, pleiotropic effects on MT assembly and organi-
zation during the subsequent maturation of injected oocytes.
None of the anti-XKCM1-injected oocytes exhibited normal
MTOC-TMAs (Table 1). Many anti-XKCM1-injected oo-
cytes fixed during the early stages of maturation (0–30 min
after WSF) exhibited broad zones of MT nucleation asso-
ciated with the base of the GV, and enhanced MT assembly
in the surrounding cytoplasm (Fig. 5B). In other oocytes,
MTs appeared to be nucleated from more lateral regions of
the GV and extended into the nucleoplasm and surrounding
cytoplasm (Fig. 5C).
During the later stages of maturation, anti-XKCM1-in-
jected oocytes exhibited severe defects in the assembly and
organization of the first meiotic spindle; only 1 of 123
(1%, Table 1) of the anti-XKCM1-injected oocytes fixed
0–105 min after WSF exhibited a normal intermediate in
spindle assembly. Most anti-XKCM1-injected oocytes con-
tained a variable number (ranging from 1 to 7) of large MT
aggregates, which appeared as hollow spheres, distributed
in the animal cytoplasm (Fig. 5D and E; Table 1). Staining
with TO-PRO-3 revealed condensed meiotic chromosomes
within each of the large MT spheres and near the center of
the large MT asters (Fig. 5F; and data not shown). In
addition to these MT spheres, many (25%) of the anti-
XKCM1-injected oocytes contained one or more MT asters
near the animal cortex (Fig. 5G, arrowheads in Fig. 5D), and
numerous smaller MT aggregates (black arrow in Fig. 5D).
MT spheres and asters were observed as late as 130 min
after WSF, by which time control oocytes had completed
first meiosis (data not shown).
Microinjection of anti-XMAP215 and anti-XKCM1 has
opposite effects on the assembly and organization of
cytoplasmic MTs during oocyte maturation
During early stages of maturation (0–45 min after WSF),
an extensive cytoplasmic array of MTs surrounds the
MTOC-TMA and extends to the animal cortex (Gard et al.,
1995c). In contrast to the cytoplasmic MT array of stage VI
oocytes, cytoplasmic MTs in maturing oocytes stain weakly
or not at all with antibodies to acetylated -tubulin (Cha et
al., 1998; Gard et al., 1995c), suggesting that they are highly
dynamic (Piperno et al., 1987; Schulze et al., 1987; Webster
and Borisy, 1989).
The number and organization of cytoplasmic MTs was
substantially reduced in maturing oocytes injected with anti-
XMAP215, when compared with uninjected oocytes or
those receiving comparable amounts of nonimmune rabbit
IgG (Figs. 5A, 6A and B; data not shown). In contrast,
oocytes injected with anti-XKCM1 exhibited a substantial
increase in both MT number and radial organization (Figs.
5B and C, and 6C).
Microinjection of antibodies against cytoplasmic dynein
and NuMA disrupted the assembly and organization of
the MTOC-TMA and meiotic spindles during oocyte
maturation
Results from studies carried out in vitro have suggested
that cytoplasmic dynein and NuMA play critical roles in the
organization of spindle poles (Gaglio et al., 1996, 1997;
Heald et al., 1996, 1997; Merdes et al., 1996, 2000; Walc-
zak et al., 1998). Thus, we also examined the role of cyto-
plasmic dynein and NuMA during assembly and organiza-
tion of the MTOC-TMA and meiotic spindles during the
maturation of Xenopus oocytes. Unfortunately, we were
unable to visualize cytoplasmic dynein in maturing oocytes
with any of five different antibody preparations (see Mate-
rials and methods). However, microinjection of monoclonal
antibodies specific for the intermediate chain of cytoplasmic
dynein (clone 70.1, referred as anti-DIC) or a polyclonal
anti-NuMA had a profound effect on MT organization dur-
ing oocyte maturation.
Microinjection of anti-DIC or anti-NuMA had no signif-
icant effect on the organization of cytoplasmic MTs in stage
VI oocytes, suggesting that neither dynein nor NuMA func-
tion is required for maintenance of MT organization in
prophase-arrested oocytes (not shown). However, 75% of
the oocytes injected with anti-DIC and 77% of oocytes
injected with anti-NuMA, treated with progesterone to in-
duce maturation, and fixed 0–30 min after WSF, exhibited
defects in the organization of the MTOC-TMA (Table 1).
Lateral views revealed that the MTOC-TMA in oocytes
injected with either anti-DIC or anti-NuMA extended over a
larger area of the GV (Fig. 7A, B, D, and E) when compared
with uninjected oocytes or those receiving comparable
amounts of a monoclonal IgM directed against bacterial
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-gal or nonimmune anti-sheep or anti-rabbit IgG (data not
shown). In many cases, the MTOC-TMA of oocytes in-
jected with anti-DIC and anti-NuMA appeared to extend
around the lateral surface of the GV (Fig. 7A and E). In the
most extreme cases, the MTOC-TMA appeared to extend
entirely around the GV surface, and MTs filled the nucleo-
plasm (Fig. 7B and D). In other anti-DIC-injected oocytes,
the MTOC-TMA appeared split, with several broad regions
of MT nucleation and assembly (Fig. 7C).
Microinjection of either anti-DIC or anti-NuMA also
disrupted subsequent assembly and organization of the first
meiotic spindle. Nearly 80% of the first meiotic “spindles”
assembled in oocytes injected with anti-DIC and 82% of the
oocytes injected with anti-NuMA and fixed 0–105 min after
WSF exhibited defects in spindle organization (Table 1).
“Spindles” from oocytes injected with anti-dynein often
exhibited a “starburst” morphology (66 of 129 oocytes),
with multiple loose bundles of MTs extending from a com-
pact central focus (see Fig. 7F, white arrows in Fig. 8A).
Monopolar half-spindles with a single tightly focused pole
(arrows in Fig. 7H, white arrowheads in Fig. 8A), loose
bundles of MTs (Fig. 7H, black arrows in Fig. 8A), or
bipolar spindles with projecting MT bundles (Fig. 7G) were
also commonly observed in maturing oocytes injected with
anti-DIC.
A significant number (49 of 129 oocytes) of the anti-
DIC-injected oocytes and fixed during maturation contained
multiple spindles or MT aggregates (Figs. 7H and 8), in-
cluding one or more starburst spindles, monopolar spindles
(arrows in Figs. 7H, and 8), occasional bipolar spindles,
and/or loose MT aggregates (Table 1). Some anti-DIC-
injected oocytes with multiple “spindles” fixed in late an-
aphase/telophase of the first meiotic cycle had initiated the
extrusion of multiple polar bodies (not shown).
Staining with YO-PRO-1 revealed condensed meiotic
chromosomes associated with each “spindle” in anti-DIC-
injected oocytes (Fig. 8A and B). Chromosomes were as-
sociated with the distal ends of the poorly organized MT
“arms” of starburst spindles, with the distal ends of mo-
nopolar half spindles, and with one end of smaller, poorly
organized MT bundles. Smaller foci stained with YO-
PRO-1 were not specifically associated with spindles or MT
aggregates, and are presumed to represent extrachromo-
somal rDNA (black arrowheads in Fig. 8A).
Normal appearing bipolar spindles or intermediates in
spindle assembly were only observed in 3% (4 of 130
Fig. 5. Microinjection of XKCM1 antibodies disrupted the assembly of the MTOC-TMA and meiotic spindles during maturation. Oocytes were microinjected
with anti-XKCM1 antisera, matured with progesterone, fixed 0–15 min (A–C) or 45–60 min (D–G) after WSF, and stained with anti--tubulin to visualize
MTs (A–E and G) or TO-PRO-3 to visualize chromosomes (F). (A) An oocyte injected with nonimmune rabbit IgG exhibited a normal MTOC-TMA (a
projection of 10 optical sections). (B) This anti-XKCM1-injected oocyte exhibited an atypical MTOC-TMA, in which MTs appeared to nucleate from an
extensive region of the GV surface and radiate into the underlying cytoplasm (a projection of 7 optical sections). (C) In this anti-XKCM1-injected oocyte,
MTs appear to be nucleated from lateral regions of the GV surface. Note the increased assembly of MTs in the cytoplasm surrounding the atypical
MTOC-TMA (arrow, a projection of 7 optical sections). (D) Low magnification view of the animal hemisphere of this oocyte revealed two large MT
“spheres” (white arrows), two large asters (white arrowheads), and numerous small asters (black arrow). This image is a projection of 10 optical sections.
(E and F) Optical cross sections of a MT sphere reveal its “hollow” appearance and a cluster of condensed chromosomes. The appearance of chromosomes
in (F) results from bleed through of the TO-PRO-3 into the MT channel. These images are a projection of 21 optical sections. (G) A higher magnification
view of a large aster (a projection of 28 optical sections). Scale bars are 100 m (A and C), 50 m (B), 150 m (D), and 20 m (E–G).
Fig. 6. Microinjection of anti-XMAP215 and anti-XKCM1 has opposite effects on the assembly of cytoplasmic MTs during oocyte maturation. Oocytes were
microinjected with either nonimmune rabbit IgG, a cocktail of three XMAP215 peptide antisera, or anti-XKCM1, mature with progesterone, fixed 0–15 min
after WSF, and stained with anti--tubulin to visualize MTs. (A) Rabbit IgG-injected oocytes exhibited a dense network of cytoplasmic MTs surrounding
the MTOC-TMA (a projection of 41 optical sections). (B) Cytoplasmic MTs were absent in this oocyte injected with XMAP215 antibodies (a projection of
35 optical sections). (C) The number of cytoplasmic MTs was increased in this anti-XKCM1-injected oocyte (a projection of 23 optical sections). Scale bar
is 20 m.
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oocytes) of the oocytes injected with anti-NuMA and fixed
0–105 min after WSF (Table 1). The “atypical” spindles
(107 of 130 oocytes) observed included asters of various
sizes (Fig. 7K), multipolar spindles (Fig. 7I), or multiple,
smaller bipolar spindles and asters (Fig. 7J). In contrast to
anti-DIC, which had a dramatic effect on the organization of
spindle poles and bipolar spindles, many of the “spindles”
observed in oocytes injected with anti-NuMA exhibited
well-defined spindle poles (see Fig. 7J).
Injection of buffer alone (data not shown) or a monoclo-
nal IgM specific for -gal had no effect on assembly or
organization of the MTOC-TMA (Table 1; data not shown)
or first meiotic spindle (Table 1; data not shown).
Discussion
In previous studies, we have demonstrated that F-actin
and XMAP230, a high molecular weight MT-associated
protein prevalent in Xenopus oocytes, eggs, and embryos,
are required for the assembly or organization of the MTOC-
TMA and meiotic spindles (Cha et al., 1998; Gard et al.,
1995b). This report extends those studies, demonstrating
that four other proteins, XMAP215, XKCM1, cytoplasmic
dynein, and NuMA, are required for the normal assembly,
organization, and function of the MTOC-TMA during the
maturation of Xenopus oocytes. A model for oocyte matu-
ration and summary of the effects of disruption of
XMAP215, XKCM1, cytoplasmic dynein, and NuMA is
shown in Fig. 9.
XMAP215, XKCM1, cytoplasmic dynein, and NuMA are
required for the assembly and/or organization of the
MTOC-TMA during oocyte maturation
Confocal immunofluorescence microscopy of maturing
oocytes revealed that XMAP215, XKCM1, and NuMA
were localized to the MTOC-TMA during its assembly and
migration to the animal cortex. Interestingly, all three pro-
teins were concentrated in the basal region of the MTOC-
TMA, corresponding to the MTOC, consistent with the
reported association of these proteins with centrosomes
and/or spindle poles in somatic cells (Gard et al., 1995c;
Heald et al., 1997; Merdes et al., 1996, 2000; Popov et al.,
2001; Tournebize et al., 2000; Walczak et al., 1996). Indi-
vidual MTs of the MTOC-TMA were only weakly stained
by antibodies to XMAP215 and XKCM1, despite sugges-
tions that these proteins regulate MT dynamics through
direct interactions with MTs (Cassimeris et al., 2001; Desai
et al., 1999; Gard and Kirschner, 1987; Popov et al., 2001;
Tournebize et al., 2000; Vasquez et al., 1994, 1999; Walc-
zak et al., 1996). The weak staining of the TMA MTs might
suggest that XMAP215 and XKCM1 bind to these MTs at
reduced stoichiometry, or that interactions of XMAP215
and XKCM1 with the MTs of the MTOC-TMA are tran-
sient. Alternatively, the intensity of staining of MTs in the
TMA may have been diminished by the suboptimal fixation
of individual MTs by methanol (Gard, 1993a).
Microinjection of antibodies specific for XMAP215,
XKCM1, cytoplasmic dynein, or NuMA into stage VI Xe-
nopus oocytes each disrupted the assembly and organization
of the MTOC-TMA during subsequent maturation. Al-
though the results of antibody microinjection were variable
in their appearance and severity, the effects of the individual
antibodies on MTOC-TMA organization do provide some
clues to the roles played by each of the proteins during the
assembly of this novel MTOC and MT array.
Microinjection of a cocktail of three peptide antisera
specific for XMAP215 disrupted the assembly of the
MTOC-TMA in all of the injected oocytes. More than half
of the injected oocytes lacked any evidence of an MTOC-
TMA, and exhibited few, if any, MTs in the animal cyto-
plasm. Other oocytes exhibited numerous small asters sur-
rounding the GV, or a MTOC nucleating a reduced number
of shorter MTs. These observations suggest that XMAP215
function is required for both nucleation and elongation of
MTs in the TMA (Fig. 9C). Similar effects on MT nucle-
ation were observed in egg extracts depleted of XMAP215.
However, MT elongation was not greatly affected in ex-
tracts depleted of XMAP215 protein (Popov et al., 2001;
Tournebize et al., 2000).
Microinjection of anti-XKCM1 also disrupted the assem-
bly and organization of the MTOC-TMA during oocyte
maturation (Fig. 9D). Although the effects of the injected
anti-XKCM1 were variable, the extensive overgrowth of
MTs observed is consistent with the proposed role of
Fig. 7. Microinjection of antibodies against cytoplasmic dynein and NuMA disrupted the organization of the MTOC-TMA and first meiotic spindle during
oocyte maturation. Oocytes were microinjected with either anti-DIC (A–C and F–H) or anti-NuMA (D–E and I–K), matured with progesterone, fixed, and
stained with anti--tubulin to visualize MTs. (A) Lateral view of an oocyte injected with anti-DIC and fixed 0–10 min after WSF revealed expansion of the
MTOC-TMA to the lateral surface of the GV (a single optical section). (B) In another oocyte fixed 0–10 min after WSF, the MTOC surrounds the entire
GV with MTs filling the nucleoplasm (a single optical section). (C) A split MTOC-TMA near the animal cortex of an anti-DIC-injected oocyte fixed 0–10
min after WSF (a projection of 10 optical sections). (D) This lateral view of an oocyte injected with anti-NuMA and fixed 0–15 min after WSF revealed
an expansion of the MTOC-TMA laterally around the GV (a projection of 31 sections). (E) A split and expanded MTOC is observed in this anti-NuMA-
injected oocyte fixed 0–15 min after WSF (a projection of 44 optical sections). (F–H) Anti-DIC-injected oocytes fixed 30–45 min after WSF exhibited
examples of abnormal spindles including “starburst” spindles (F, a projection of 25 optical sections), bipolar spindles with protruding MT bundles (G, a
projection of 30 optical sections), and multiple monopolar spindles (arrows) and loose bundles of MTs (H, a projection of 18 optical sections). (I, J) A variety
of abnormal spindles including multipolar spindles (I, a projection of 16 optical sections), multiple monopolar and bipolar spindles (J, a projection of 20
optical sections, arrows show bipolar spindles), and multiple asters and/or monopolar spindles (K, a projection of 26 optical sections) were observed in
oocytes injected with anti-NuMA and fixed 45–60 min after WSF. Scale bars are 50 m (A–F and J–K) and 20 m (G–I).
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XKCM1 in destabilizing MTs in vitro (Desai et al., 1999;
Niederstrasser et al., 2002; Walczak et al., 1996). In addi-
tion, the aberrant MTOC-TMAs in anti-XKCM1-injected
oocytes appeared unable to undergo compaction and reor-
ganization to form the first meiotic spindle. Together, these
observations underscore the importance of XKCM1 in reg-
ulating MT dynamics during oocytes maturation and spindle
assembly in vivo.
Microinjection of either monoclonal antibodies specific
for the intermediate chain of cytoplasmic dynein (clone
70.1) or polyclonal antibodies against NuMA into stage VI
oocytes disrupted the organization of the MTOC during
subsequent maturation. The effects of these two antibodies
were similar, often resulting in a broad zone of MT nucle-
ation extending along the lateral margins of, and sometimes
completely encircling, the GV (Fig. 9B).
The observed effects of anti-DIC and anti-NuMA on the
organization of the MTOC-TMA are consistent with a
model in which components of the transient MTOC are
distributed around the surface of the GV of stage VI oo-
Fig. 8. Chromosomes were associated with the aberrant MT structures in anti-DIC-injected oocytes during oocyte maturation. Oocytes were microinjected
with anti-DIC, matured with progesterone, fixed 30–45 min after WSF, and stained with anti--tubulin to visualize MTs (red) and YO-PRO-1 to visualize
chromosomes (green). (A) This oocyte injected with anti-DIC antibodies exhibited abnormal “spindles,” including “starbursts” (white arrows), monopolar
spindles (white arrowhead), and loose bundles of MTs (black arrow). Chromosomes were associated with distal ends of MT bundles and monopolar spindles.
Extrachromosomal rDNAs (black arrowheads) were not associated with MT “spindles.” This image is a projection of 12 optical sections. (B) Higher
magnification view of a “starburst” showing that chromosomes were associated with the distal ends of MT “arms” (a projection of 12 optical sections). Scale
bars are 20 m.
Fig. 9. A summary of MT reorganization during oocyte maturation in Xenopus oocytes. (A) Stage VI oocytes contain an extensive array of cytoplasmic MTs
(Gard, 1991, 1994; Gard et al., 1995a). Centrosomal proteins (i.e., -tubulin and others, yellow) are concentrated in the perinuclear cytoplasm and cortex
(Gard, 1991, 1994; Gard et al., 1995; Pfeiffer and Gard, 1999). As maturation begins centrosomal components are relocated (arrows) to the basal (vegetal)
surface of the GV (nucleus), in a process that is dependent on cytoplasmic dynein and NuMA (step 1, this report). These centrosomal materials then nucleate
and organize MTs of the transient MT array (MTOC-TMA, step 2), which gathers and transports the condensed meiotic chromosomes to the animal cortex
(Gard, 1992, 1995; reviewed in Gard et al., 1995c). The MTOC-TMA-chromosome complex then undergoes compaction (step 3) and serves as the immediate
precursor of the first meiotic spindle (step 4, see Gard, 1992; Gard et al., 1995c), which elongates parallel to the oocyte cortex. (B) Microinjection of
antibodies to cytoplasmic dynein or NuMA block the relocation of centrosomal components, disrupting formation of the MTOC-TMA. In the most extreme
examples, MTs are nucleated from the entire GV surface and grow into the nucleoplasm. With either antibody, chromosomes are not properly collected,
resulting in the assembly of multiple asters and “spindles” throughout the animal cytoplasm. During later stages of maturation, oocytes injected with
anti-dynein exhibit a preponderance of loose MT bundles and “starburst” spindles, suggesting that cytoplasmic dynein is required for organization of the
bipolar spindle axis and spindle poles. Oocytes injected with anti-NuMA exhibit a greater proportion of well focused bipolar and monopolar spindles,
suggesting that spindle pole organization and establishment of the bipolar spindle axis are not strictly dependent on NuMA. (C) Microinjection of
anti-XMAP215 antibodies inhibits MT nucleation and elongation during oocyte maturation, disrupting assembly and organization of the MTOC-TMA and
surrounding cytoplasmic MTs. During later stages of maturation, spindle assembly is disrupted, and the dispersed meiotic chromosomes are associated with
small MT asters. (D) Microinjection of anti-XKCM1 antibodies resulted in an overall increase in MT assembly, disrupting the organization and function of
the MTOC-TMA and resulting in “overgrowth” of the surrounding cytoplasmic MTs. During later stages, inhibition of XKCM1 blocks compaction of the
MTOC-TMA and subsequent formation of the first meiotic spindle, resulting in the formation of large spherical aggregates of MTs and chromosomes. In
combination with the effects of anti-XMAP215 (summarized in C), these results underscore the importance of balancing MT dynamics, and suggest that
XMAP215 and XKCM1 work in opposition to regulate MT assembly during the maturation of Xenopus oocytes.
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cytes, and are transported to the basal surface of the GV
during maturation in a process that requires dynein and
NuMA. Several lines of evidence support this model.
First, we have previously reported that -tubulin is concen-
trated around the GV in stage VI oocytes (Gard, 1994).
We have shown that NuMA and -tubulin are localized to
the base of the MTOC-TMA (Gard et al., 1995c, this
report). Lastly, published reports have demonstrated that
a dynein-dependent pathway is required for the transport
of MTOC components, including pericentrin, NuMA,
and -tubulin, to centrosomes and/or spindle poles (Merdes
et al., 2000; Young et al., 2000; Zimmerman and Doxsey,
2000). Together, these observations suggest that dynein
and NuMA are both required for the transport of MTOC
components to the base of the GV prior to the assembly of
the MTOC-TMA during the early stages of oocytes matu-
ration.
XMAP215 and XKCM1 act antagonistically to regulate
the assembly of cytoplasmic MTs during maturation of
Xenopus oocytes
Stage VI oocytes contain an extensive cytoplasmic
array of highly acetylated, presumably stable, cytoplas-
mic MTs (Gard, 1991; Gard et al., 1995a). Microinjection
of antibodies specific for XMAP215, XKCM1, cytoplas-
mic dynein, and NuMA had little or no effect on MT
organization in stage VI oocytes, suggesting that
XMAP215, XKCM1, cytoplasmic dynein, and NuMA are
not crucial for the maintenance of MT organization in
stage VI Xenopus oocytes.
During the early stages of maturation, the stable MT
array of stage VI oocytes is rapidly disassembled and re-
placed with an extensive array of non- (or poorly) acety-
lated, dynamic, MTs in the cytoplasm surrounding the
MTOC-TMA and nascent spindle (Gard et al., 1995c). Mi-
croinjection of anti-XMAP215 reduced or completely
blocked assembly of the cytoplasmic MT array of maturing
oocytes (Fig. 9C). In contrast, oocytes injected with anti-
XKCM1 and subsequently induced to mature exhibited a
substantially greater number of cytoplasmic MTs than those
injected with nonimmune IgG (or uninjected controls, Fig.
9D). The opposing effects of microinjected anti-XMAP215
and anti-XKCM1 antibodies suggests that these two pro-
teins might act antagonistically to regulate the assembly and
dynamics of cytoplasmic MTs in maturing Xenopus oo-
cytes, consistent with their observed effect on MT dynamics
in Xenopus egg extracts in vitro (Tournebize et al., 2000).
Interestingly, microinjection of anti-XKCM1 did not ap-
pear to block disassembly of the cytoplasmic MT array of
stage VI oocytes during maturation, suggesting that
XKCM1 is not essential for disassembly of the oocyte MT
array. Presumably, other factors are required for disassem-
bly of oocyte MTs during maturation.
Microinjection of specific antibodies against XMAP215,
XKCM1, cytoplasmic dynein, or NuMA disrupted
assembly of the first meiotic spindle
The MTOC-TMA serves as the immediate precursor of
the first meiotic spindle in maturing Xenopus oocytes (Gard,
1992). Confocal immunofluorescence microscopy revealed
that XMAP215 and XKCM1 co-localized with spindle MTs
throughout the compaction and elongation stages of meiotic
spindle assembly. In contrast to their reported association
with the poles of mitotic spindles in vitro and in vivo
(Tournebize et al., 2000; Walczak et al., 1996), neither
XMAP215 nor XKCM1 appeared to be substantially con-
centrated at the poles of the first meiotic spindle. Anti-
XKCM1 did stain kinetochores associated with the con-
densed meiotic chromosomes during compaction and
elongation of the first meiotic spindle.
The severe disruption of the MTOC-TMA caused by
microinjection of antibodies specific for XMAP215,
XKCM1, NuMA, and cytoplasmic dynein hinders interpre-
tation of the subsequent effect on spindle assembly. How-
ever, several conclusions can be drawn. First, microinjec-
tion of any of these antibodies resulted in dispersal of the
chromosomes (and associated MT arrays, see below)
throughout the animal cortex or cytoplasm. We previously
observed similar dispersal of the meiotic chromosomes in
the animal cortex during the maturation of oocytes treated
with the actin inhibitor cytochalasin B, which also disrupts
the assembly and organization of the MTOC-TMA (Gard et
al., 1995b). Together, these observations support the pro-
posed role of the MTOC-TMA in gathering and transporting
the condensing meiotic chromosomes to the animal cortex
where spindle assembly normally occurs.
In addition, nearly half of the oocytes injected with
anti-XMAP215 and subsequently induced to mature lacked
any evidence of MT aggregates or “spindles” in their animal
cytoplasm, consistent with the dependence of spindle as-
sembly in vitro on XMAP215 (Popov et al., 2001; Tour-
nebize et al., 2000). More commonly, anti-XMAP215-in-
jected oocytes later in maturation contained several MT
asters dispersed throughout the subcortical cytoplasm.
These asters often appeared to be associated with, and
perhaps nucleated by, aggregates of injected antibody, con-
sistent with reports that XMAP215 nucleated MT assembly
in vitro (Fig. 9C; Popov et al., 2002). In contrast to the
effects of cytochalasin, anti-DIC, or anti-NuMA, chromo-
some-aster complexes in anti-XMAP215-injected oocytes
exhibited little or no evidence of organization into bundles
or spindles (either monopolar or bipolar). This overall lack
of spindle organization suggests that XMAP215, in addition
to contributing to MT nucleation and elongation, may be
required for higher order spindle assembly and organization
in vivo, as has been observed in vitro (Popov et al., 2001;
Tournebize et al., 2000).
Normal appearing meiotic spindles were also rarely ob-
served in maturing oocytes microinjected with anti-XKCM1
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(only 1 of 123 oocytes). In these oocytes, condensed meiotic
chromosomes were observed in association with MT asters
of variable size, or at the center of large, apparently hollow,
spheres of radially organized MTs (Fig. 9D). These MT
spheres might be remnants of atypical or aberrant MTOC-
TMAs assembled during early maturation that, although
able to collect several meiotic chromosomes, were unable to
undergo the compaction and disassembly required for sub-
sequent spindle assembly. These observations underscore
the critical importance of balancing MT assembly and dis-
assembly during oocyte maturation in vivo.
Finally, although the effect of anti-NuMA and anti-DIC
on the assembly of the MTOC-TMA was quite similar,
these antibodies differed significantly in their effects on the
subsequent assembly of the first meiotic spindle. In the
majority of anti-DIC-injected oocytes, condensed meiotic
chromosomes were commonly associated with one end of
poorly organized MT bundles lacking defined poles, with
the distal ends of the MT bundles loosely organized into
“starburst” spindles with a central “pole” or organizer, or
with well-defined monopolar spindles. In the most severely
affected oocytes, there was little or no evidence of bipolar
spindle organization. The prevalence of apolar MT bundles
is consistent with the proposed roles of cytoplasmic dynein
in the assembly of spindle poles (Heald et al., 1996, 1997;
Merdes et al., 1996, 2000; Walczak et al., 1998).
In contrast, monopolar spindles with well-focused poles
and bipolar spindles were more common in oocytes injected
with anti-NuMA, relative to oocytes injected with anti-DIC.
These observations suggest that assembly of spindle poles
and the establishment of a bipolar spindle axis in vivo may
not be strictly dependent on NuMA function, in contrast to
observations in vitro (Gaglio et al., 1995, 1996; Merdes et
al., 1996, 2000). Alternatively, these poles might be orga-
nized by residual NuMA function.
In summary, our observations suggest that XMAP215,
XKCM1, cytoplasmic dynein, and NuMA are intimately
involved in the assembly of the MTOC-TMA and meiotic
spindle during maturation of Xenopus oocytes. The assem-
bly and organization of the MTOC-TMA and the surround-
ing cytoplasmic MTs require a delicate balance between
assembly promotion by XMAP215 and catastrophe induced
by XKCM1. Cytoplasmic dynein and NuMA, in turn, are
both required for the assembly and organization of the
transient MTOC at the base of the GV, and may play a role
in transporting MTOC components to the site(s) of MT
nucleation. Together, these observations provide additional
insight into the assembly and organization of the novel
MTOC during the maturation of Xenopus oocytes.
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